Conventionally, distances between departments in facility layout problem (FLP) are estimated based on either Euclidean or Rectilinear methods. This assumption lessens the efficiency of layout. In this paper, the approach based on tabu search (TS) was developed to solve FLP by concurrently determining aisles for material handling between departments. The travelling distance between departments was estimated by shortest route on aisles. The objective function is to minimize the total travelling distance. The performance of the proposed TS is examined by comparing with the randomized solutions in a set of the example cases. The TS approach provides good solution with reasonable computation time even in the large size problem.
Introduction
One of the main objectives of the facility layout problem (FLP) is to locate the positions of departments that provide the minimum materials handling cost.
(1) It is widely known that the FLP is classified as the NP-hard problem and the heuristic methods are normally applied to solve the problems.
(2) There are several meta heuristics which have been employed to solve the problems such as Genetic Algorithms (GA), Simulated Annealing (SA) and Tabu Search (TS).
(3) Two of the most popular ones are GA (4, 5, 6, 7) and TS (1, 3, 8, 9, 10) . Moreover, most of the FLP research works in literature were assumed that the distances between departments were measured by either Euclidean or Rectilinear distances . (11) This measurement assumption often results in inaccurate distances in a plant layout design since, in practice, the material handling equipment travels through the aisle structure or an aisle network. Based on the study of Marvin (12) the performance of TS was better than the other metaheuristics such as GA and simulated annealing (SA) in solving all types of FLP. In this paper, the approach based on TS is developed to solve FLP by concurrently determining aisles for material handling between departments. The travelling distances between departments are calculated by selecting the shortest route on aisles. The objective function is to minimize total travelling distance between departments..
Problem description
In order to efficiently apply the TS based heuristic, some characteristics of the problem are described and defined
Objective function
The objective function is to minimize total travelling distance as shown in equation (1)
Fij
amount of material flow between departments i and j (i ,j = 1,2,…,M).
Dij
travelling distance between departments i and j (i ,j = 1,2,..,M). M total number of departments required
Area and shape of departments
All departments are assumed to be in rectangular shape which can be described by width (X) and depth (Y) of the department as shown in Fig. 1 . The required area of a department equals to the product of X and Y. In this paper, we allow X and Y to be variables by providing the minimum values of X and Y. It means that the suitable X and Y should be at least equal to the specified minimum values of X and Y,
Row and column based layout
A multi-row configuration for the layout is considered. The layout structure is described in terms of the numbers of rows and columns. For example, if a layout with three rows and three columns is required, then the layout consists of two horizontal aisles and two vertical aisles. Departments located on the same row have identical depths. The summation of the width of the departments in each low in the same column needs to be equal. The input/output points are located at the centroids of the departments as shown in Fig. 2 
Inter-department distance measurement
Distance between departments is measured from the centroid of the departments and following the rules below which are used to incorporate the aisle distance.
(1) The distance between a pair of departments located on different rows and columns is rectilinear (2) The distance between a pair of departments located contiguously on the same row is rectilinear (3) The distance between a pair of departments located on the same row and are not contiguous to each other is the sum of the rectilinear distance and the vertical distance between the centroids of the departments and the centroids of the closest horizontal aisle (4) The distance between a pair of departments on the same column but different aisles is the sum of vertical distance between the centroids of the departments and the horizontal distances between the centroids of the departments and the centroids of the vertical aisles that provide the shortest horizontal distance.
The distance measurement can be depicted as shown in Fig. 3 
Tabu Search (TS)
In this paper, the tabu search (TS) approach (5) is employed to solve this specific FLP. The details of the tabu search approach applied to this problem are described as follows Solution pattern: the solution of the problem is formed in 4 × M matrix, where M is the number of departments. The first row, I, is department number. The second row, R , is the row number while the third row, C , is the column number. The last row, N, is the position number in the row. For example, the solution presented in Fig. 4(a) , the department 4 is located at the second position of the row 1 and column 1 of the layout.
Neighborhood: the swap move operation is used to structure the neighborhood of the search. This move is the interchange of departments in solution pattern. The swapping operation will be described in the later example. For each iteration, all department pairs are swapped. The swap pair providing the best solution is selected to be the solution of the iteration and listed as tabu list.
Tabu list: a tabu list with a fixed iterations. The recent moves are stored in this list. The swap operation between two departments that have been recently swapped will be prohibited for the next M iterations.
Termination criterion: the tabu search is stopped when there is not any better solution than the current best solution for 5 consecutive iterations. The current best solution is the solution of the heuristic. The algorithm is to swap the positions of two departments to find the better solution. To avoid becoming trapped in local optima, the recently swapped pair of departments will be prohibited or stored in the tabu list with a fixed tenure of iterations. The algorithm will be repeated until the termination criterion is met. The algorithm could be described by the example with 6 departments, 2 rows and 1 column layout (see Table 1 -4). Assume that the initial solution is randomly generated as shown in Table 1 . Department 6 is located at the first position (i.e., N = 1) of the row 1 (i.e., R = 1) and column 1 (i.e., C = 1), while the department 4 is at the position 2 (i.e., N = 2) of the row 1 (i.e., R = 1) and column 1 (i.e., C = 1). The rests of departments could be described as the same manner. The layout of initial solution (Table 1) can be predicted as Fig. 4(a) . In the first iteration, all department pairs (i.e., 6-4, 6-3, 6-5, 6-1, 6-2, 4-3, 4-5, 4-1, 4-2, 3-5, 3-1, 3-2, 5-1, 5-2, 1-2) are examined to be swapped. For example, in case where the departments 6 and 4 are to be swapped (see Table 2 ). The R and C of these two departments are randomly generated. Suppose the new R and C are as in Table 3 , and then the position N are rearranged based on new R and C values. That is department 6 should be assigned in the first position of the row 1 column 1 while the department 4 is located at the second position of the row 2 column 1 (see Table 4 ). The layout is as shown in Fig. 4(b) . The developed algorithm based on tabu search heuristic is more described in the flowchart (see Fig. 5 Table 4 . Positions of departments (N) are rearranged.
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Result and discussion
In this section, 14 problem cases were used to examine the performance and practicality of the proposed heuristic. The problem cases consisted of 6, 10, 15 departments. The number of specified rows and columns in the layout were varied between 2 to 3 rows and 1 to 3 columns, respectively. In each case, 5 problems were randomly generated. The performances of the proposed algorithm were compared to in the randomized solutions which were the best solution from a set of randomly generated solutions. The solutions from TS based approach were approximately 27% better than the randomized ones on average. The results are as shown in Table 5 . The computation time was quite promising. The longest one was about 8 hours in the case of 15 departments with 3 rows and 3 columns, but most of the cases were less than 30 minute 
Conclusions
In this paper, the algorithm based on tabu search heuristic was applied to the facility layout problem with aisle structure design. The layout of departments and aisles were concurrently designed based on the specified number of rows and columns. The objective was to minimize the total real travelling distance. The performance of the model was compared to the randomized layout. The results showed that the proposed heuristic was efficient and practical in solving this specific FLP. Even though the computation time of some large size problems was quite long, but, in most of cases, the layouts could be obtained within reasonable computation time.
To increase the efficiency of solving this type of FLP, the other metaheuristics such as GA, SA and the particle swarm optimization (PSO) should be explored in future research .
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